Abstract As the power of studying mouse genetics and behavior advances, research tools to examine systems level connectivity in the mouse are critically needed. In this study, we compared statistical mapping of the olfactory system in adult mice using manganese-enhanced MRI (MEMRI) and diffusion tensor imaging (DTI) with probabilistic tractography. The primary goal was to determine whether these complementary techniques can determine mouse olfactory bulb (OB) connectivity consistent with known anatomical connections. For MEMRI, 3D T1-weighted images were acquired before and after bilateral nasal administration of MnCl 2 solution. Concomitantly, high-resolution diffusion-tensor images were obtained ex vivo from a second group of mice and processed with a probabilistic tractography algorithm originating in the OB. Incidence maps were created by co-registering and overlaying data from the two scan modalities. The resulting maps clearly show pathways between the OB and amygdala, piriform cortex, caudate putamen, and olfactory cortex in both the DTI and MEMRI techniques that are consistent with the known anatomical connections. These data demonstrate that MEMRI and DTI are complementary, high-resolution neuroimaging tools that can be applied to mouse genetic models of olfactory and limbic system connectivity.
Introduction
As the power of mouse genetics and behavior pushes the limits of neuroscience, neuroimaging approaches which can optimally and efficiently utilize these same mouse models are critically needed to determine the strength and pattern of connectivity of different brain systems. The application and development of anterograde and retrograde tracing techniques have been instrumental in understanding structural connectivity of the brain (Callaway 2008; Deller et al. 2000; McDonald 1992; Raju and Smith 2006; Sparks et al. 2000) . However, classical histological techniques, while being a gold standard, present a number of difficulties. In particular, such tracing can take weeks to produce results, are limited by animal and surgical resources, allow for tracing from only one or at most a few areas (depending on the number of different tracers used), require killing of the animal, and, especially in the case of the mouse, require high-accuracy injections into brain areas that are relatively minute and closely spaced (leading to mice with ''missed'' or diffuse injections). Subsequently, in a partial redress to these limitations, a number of MRI-based techniques have been developed to allow computation of anatomic/structural connections between regions of the brain. Among these are methodologies based on diffusion-tensor imaging (DTI) that rely on the diffusion of water along the lengths of axons in the brain, as well as techniques that use exogenous contrast agents (such as manganese-enhanced MRI, MEMRI) that are preferentially taken up by neurons in proximity to where the contrast agent is applied. However, these tools have yet to be sufficiently validated within the mouse brain.
DTI has been extensively used in both human (Douaud et al. 2011; Gutman et al. 2009; Wedeen et al. 2008 ) and primate studies (Li et al. 2010; Rilling et al. 2008; Wedeen et al. 2008 ) to compare and contrast the structural connectivity of brain regions. Additional studies, particularly in the porcine brain, have directly compared the results of diffusion tensor tractography with the gold standard tracerinjection studies and have generally shown a high concordance between the histologically defined pathways and those defined based on MRI tractography results (Dyrby et al. 2007 (Dyrby et al. , 2011 . However, at this juncture the use of DTI in mice is limited, and validation of the technique is still underway. For example, Moldrich et al. (2010) have recently published an analysis using different DTI processing algorithms to assess general patterns of direct thalamocortical connections.
A complementary technique, MEMRI, has been the subject of increasing interest among the MRI community during the past few years because of the unique dual function of manganese (Mn 2? ) as a powerful T1-shortening agent and a biological calcium analogue (Silva et al. 2004) . Manganese is taken up by depolarized neurons through voltage-gated calcium channels and transported by a microtubule transport system through axons to the synaptic cleft, where it is released along with neurotransmitters and taken up post-synaptically. Therefore, manganese acts as an anterograde tracer that can map an entire neuronal pathway by traveling trans-synaptically (Pautler et al. 1998) . By using manganese, contrast can be observed in T1-weighted images as a result of activity-dependent uptake and transport of Mn 2? (Lin and Koretsky 1997) . These properties have made MEMRI a valuable tool for in vivo neuronal activitydependent tract tracing (Pautler 2004 ).
Pautler and colleagues were first able to detect enhancement in the olfactory tract after injecting MnCl 2 into the nares of mice (Pautler et al. 1998) . A similar study demonstrated enhancement of the optical tract after manganese was injected into the vitreous body of the eye of a rat (Watanabe et al. 2001 ). These two neural tracts have been the focus of several MEMRI studies (Chuang and Koretsky 2009; Cross et al. 2004; Lin et al. 2001 Lin et al. , 2003 Olsen et al. 2008; Thuen et al. 2005 , Watanabe et al. 2004 . Other studies have also demonstrated tract-tracing after intracerebral injection (Canals et al. 2008; Dyrby et al. 2007; Leergaard et al. 2003; Pautler et al. 2003; Saleem et al. 2002; Watanabe et al. 2004 ; Van der Linden et al. 2002) . However, intracerebral approaches are limited in ways analogous to the classical tracing studies including manganese diffusion outside of the injection site.
While the results of previous studies are promising, most of the work is not in mice. Additionally, DTI has not been extensively assessed in mice for complex and long tracts in the mouse brain. Furthermore, there has been little work focusing on whether MEMRI and DTI provide corroborating evidence for complex anatomical pathways in the mouse (the closest work is in rats by Lin et al. 2001 and Thuen et al. 2009 . Since the mouse model is the standard mammalian tool for genetic manipulation, there is the potential for the combination of these methods with genetically targeted approaches as well as following behavioral and developmental manipulations. Therefore, it is imperative that these techniques be validated in a known neural pathway in the mouse brain, which will then allow future studies combining genetic manipulation with neuroimaging approaches for quantitatively and qualitatively comparing connectivity patterns and strength.
Specifically, further understanding the pathways involved in olfactory coding and connectivity in the mouse are particularly important and exciting given the enormous increase in understanding of the molecular mechanisms underlying olfactory processing in recent years (Buck and Axel 1991; Ressler et al. 1993; Ngai et al. 1993; Dulac and Axel 1995) . The discovery of the odorant receptor family of genes has led to breakthroughs in understanding the connectivity between neurons in the nose with the olfactory bulb (OB) as well as other olfactory areas (Ressler et al. 1994; Vassar et al. 1994; Mombaerts et al. 1996) . A much more detailed understanding of the specific mapping of olfactory information (Sosulski et al. 2011) , as well as changes that occur with olfactory learning (Jones et al. 2008) , are on the horizon; however, progress has been hampered by limited neuroimaging methodology in the mouse.
The aims of this study were to further validate and also directly compare the MEMRI and DTI approaches within the olfactory system of the mouse. The olfactory tract of the mouse was selected for analysis due to its ease of access through the naris (MEMRI), the more complicated geometry, and known pattern of functional connections (relative to the aforementioned optic pathway and thalamocortical pathways), as well as for the burgeoning progress in the molecular organization of this system. For MEMRI, manganese was administered to the nasal epithelium and the corresponding enhancement patterns were compared with DTI tracts calculated using a probabilistic tractography algorithm in the FSL analysis suite (Oxford, http://www.fmrib.ox.ac.uk/fsl). In order to efficiently utilize MRI scanner time, DTI data was acquired using a high-throughput ex vivo method (scanning 6 perfused mouse brains) to maximize the spatial resolution and minimize partial volume effects. The results indicate that manganese delivered via the nasal epithelium enhances a large subset of the olfactory network (of known anatomical connections) that was also detected using DTI probabilistic tractography, indicating that MEMRI and DTI have complimentary capabilities for the delineation of known complex white matter pathways. Our data demonstrate the feasibility of probabilistic tractography and MEMRI in small animal imaging, which establishes a foundation for exploring novel networks within the brain with the combined power of mouse genetic tools.
Methods

Animal preparation and imaging
All animals used in this study were treated humanely following a procedure approved by the Institutional Animal Care and Use Committee at Emory University. A total of six adult CFW (Carworth Farms White) Swiss Webster mice were used in the experiments for MEMRI and ten C57BL6 (Jackson Labs) for the DTI probabilistic tractography. Two different strains of mice were used, in part, to demonstrate concordance of anatomical data across strains that have been shown to be behaviorally different in some studies (van Bogaert et al. 2006) .
Group 1 (MEMRI)
All imaging experiments were performed on a Bruker 9.4T horizontal scanner using a 35-mm volume coil (Bruker, Billerica, MA, USA). The six mice in Group 1 were imaged before (baseline control) and 42 h after Mn 2? administration (experimental group) using the following protocol: MnCl 2 pellets were weighed and then dissolved into saline via a vortex mixer. No health or behavioral effects were observed after Mn 2? administration. Each mouse was anesthetized with 5 % isoflurane initially and maintained on 1.5 % isoflurane (30 % oxygen) during the imaging procedures. The mice were restrained in a plastic cradle (Bruker) with ear and bite bars. Care was taken to align each mouse into the cradle and scanner in a consistent manner. 3D T1-weighted images were obtained using a 3D FLASH sequence with the following parameters: flip angle = 30°, field of view = 1.92 9 1.92 9 1.92 cm 3 , acquisition matrix size = 96 9 96 9 96, reconstruction matrix size = 128 9 128 9 128, TR = 70 ms, TE = 4 ms, NEX = 2, imaging time = 21 min.
After the pre-contrast image was obtained, the mice were anesthetized with 5 % isoflurane, laid in a supine position, and injected with 5 ll of 1 M MnCl2 solution into each nostril using a 50-ll Hamilton syringe inserted at a depth of *3 mm into the nostril. The MnCl2 mixture was administered in 1-2 ll portions to ensure that it did not overflow from the nostril. After manganese injection the animals were placed back into the anesthesia chamber under 2 % isoflurane for an additional 5 min, allowing the manganese to be absorbed (when the mice wake up immediately after injection they typically sneeze, expelling the manganese solution). The animals were then returned to their home cage and the post-contrast image was acquired approximately 42 h after Mn 2? exposure. Following recovery, the animals appeared healthy with no obvious indication of Mn 2? toxicity. The 42-h delay was decided empirically based on preliminary studies by our group, as well as by data presented in Pautler et al. (1998) . We imaged several mice repeatedly at time points ranging from 24 to 48 h, and found that the 42 h time mark provided a nice compromise between extent of enhancement (e.g. the Mn 2? traveling further over time) and signal washout (loss of Mn 2? over time). The goal of our optimization was to image the greatest extent of the olfactory pathway that we could.
Group 2 (DTI)
The mice were euthanized using pentobarbital, and brains were perfused with 4 % paraformaldehyde. The brains were then extracted from the skull, rinsed in PBS, and then stored at 4°C until embedding in an agarose matrix. Two sets, one of four and another of six mouse brains were embedded in a matrix of 2 % agarose (Sigma) doped with an insoluble mixture of 1 mM gadolinium (III) oxide (Fisher Scientific), all contained within a plastic 25 mL tube. Doping with gadolinium (III) oxide serves to suppress the signal (shortens the T1 relaxation time) from the agarose/water solution, providing better separation of the brains from the background.
For each tube of brains, T2-weighted images were first acquired at 100 micron isotropic resolution (TE = 26 ms, matrix 256 9 512, 20 averages, scan time *16 h). Diffusion-weighted images were then acquired using a 2D spin-echo-based sequence with 161 micron isotropic resolution (TE = 26.9 ms, TR = 10,000 ms, matrix size of 256 9 128, 60 axial slices collected/tube, 60 gradient directions with a diffusion weighting b = 2,000, and 3 b = 0 images). We used the Massachusetts General Hospital (MGH) 60 direction DTI gradient sequence, and obtained the BVECS from the built-in gradient tables in http://trackvis.org (Wedeen et al. 2008) . The ability to image multiple brains in a single session is the crucial feature that makes this experiment practical. Since the readout direction of the MRI scanner can be increased with no increase in imaging time, brains can be aligned along this direction, allowing six brains to be acquired in the same length of time as two brains (60 h in the present study).
Image processing
MEMRI
One control image was chosen to serve as the standard space for registration. All of the other images were registered to the standard image using automated intensitybased registration, aimed at finding the optimal nineparameter affine transformation. Normalized cross correlation was used as the objective function.
The standard image was cropped and all the images were normalized to the cropped standard image using the method described by Venot et al. (1983) . Individual images were scaled to maximize the number of zero crossings in the image obtained by subtracting the scaled image from a reference image (without any enhancement). This method assumes that most of the brain is not enhanced, which is expected to be true for the methods/parameters we used. This method has been used previously by Cross et al. (2004) in Mn 2? enhanced images. Two-tailed, unpaired t tests were performed between control and contrast-enhanced images on a voxel by voxel basis. Percentage enhancement (PE) relative to the control group was calculated for each significantly enhanced voxel (P \ 0.01). The enhanced voxels were clustered based upon their connectivity with the OB, and the enhancement maps were overlaid on the average image of all the control images.
DTI
Prior to further processing, the diffusion images from each scan (with one image containing multiple brains) were manually segmented into individual files. For both the T2-weighted scan and the DTI-scans, the brains were isolated from the background using Brain Extraction Toolkit (BET) (FSL, http://www.fmrib.ox.ac.uk/fsl). A study-specific highresolution mouse template was generated by nonlinearly registering each mouse brain to a single reference image, and then creating a composite image (FNIRT, http://www. fmrib.ox.ac.uk/fsl). A transformation matrix for each mouse DTI dataset to this mouse-standard space was subsequently generated (FLIRT, http://www.fmrib.ox.ac.uk/ fsl) using a 12-DOF affine warp. A conservative OB ROI was defined, with anatomical landmarks from the Allen Mouse Brain atlas (http://mouse.brain-map.org/), on this reference image and tractography results were generated for each individual mouse brain (i.e. the ROI was placed in the anterior section of the OB, and did not span the entire cross-section or depth of the OB, e.g. the red square on Fig. 4g) .
The DTI probabilistic tractography was performed using the FSL imaging suite on a Linux workstation. As part of the standard FSL pipeline, the standard OB ROI is projected onto each individual mouse's DTI scan, tractography is computed for each voxel within the seed mask (using n = 25,000 streamline fibers/voxel and curvature threshold of 0.2), and then back-transformed into the mouse-standard space. For all tractography, a multi-fiber reconstruction algorithm was implemented in the FSL bedpostx algorithm which allows reconstruction of more geometrically complex pathways, including regions of crossing fibers (Behrens et al. 2007) .
Following tractography, each individual's raw tract map was subsequently smoothed (s = 0.167 mm gaussian kernel), thresholded at 1 % of the robust mean intensity value, and finally binarized. A composite image was then generated by combining the results from each binarized individual tract map. The value of the composite map at a given voxel corresponds to the number of individual mice with a probabilistic tract passing through that voxel (i.e. the ratio of mice with a tract through that voxel to the total number of mice).
Registration and comparison of in vivo and ex vivo templates
To allow direct comparison of the MEMRI and tractography results, a 12 DOF affine registration was generated between the reference brains used for the MEMRI and DTI probabilistic tractography. The results from the MEMRI experiments were subsequently registered to the reference image used for the tractography results using nearestneighbor interpolation.
In order to quantify the overlap of the MEMRI and DTI probabilistic tractography results, a percentage overlap method was selected. The calculations were made for increasing statistical thresholds of the MEMRI analysis (P \ 0.05, P \ 0.01, P \ 0.005, P \ 0.001, P \ 0.0001) and increasing concordance of DTI tractography across subjects (from 6 of 10 to 10 of 10 animals showing a particular tract through a voxel).
The DTI Tractography was used as the reference image with the percentage of MEMRI voxels matching those contained in the DTI tractography. Unilateral seeding of the DTI tractography versus a bilateral intranares manganese injection for the MEMRI allowed for both an ipsilateral and contralateral comparison.
Results
MEMRI
T 1 -weighted images were obtained from all mice pre-and post-manganese injection. The post-contrast images exhibited a strong increase in signal in the OB along with enhancement throughout the olfactory tract. All images were registered to the standard image (normalized correlation coefficient [0.75). Figure 1 shows representative slices from the average pre-and post-contrast images obtained after registration.
Maps of voxels in the post-contrast images with statistically significant enhancement compared with pre-contrast images were created and are shown in Fig. 2 , thresholded at a P value of 0.01. Maximum enhancement was observed in the OB, with a gradual decrease in the intensity of enhancement in the rostral-caudal direction. Statistically significant enhancements, based on comparison to the Allen Brain Atlas, were observed in OB, anterior olfactory nucleus (AON), piriform cortex (Pir), olfactory tubercle (OT), anterior commissure (AC), nucleus accumbens (Acc), and basolateral amygdala (BLA). Enhancement was more intense in the outer layers of the OB, as compared with the inner part, comprising axons. The average percentage enhancement for these anatomical regions was also measured and is shown in Fig. 3 .
In order to estimate the sensitivity of the MEMRI analysis, the minimum percentage difference was measured in brain areas where significant enhancement was observed. For a threshold of P \ 0.05, the minimal detectable percent enhancement was 4.1 %; for P \ 0.01, it was 5.0 %.
Probabilistic tractography
High-resolution T2 and DTI scans were obtained ex vivo on all mouse brains. A composite image showing voxels that were found to have a consistent connection in at least seven of the ten mice included in this study is shown in Fig. 4 . The placement of the seed (in red) and resulting fiber tracts (in blue) are shown below in Fig. 5 . Regions shown to be consistently connected to the olfactory bulb (2013) 218:527-537 531 seed included the AON, AC, Acc, and BLA, and a projection to the entorhinal cortex.
Overlap of DTI and MEMRI Figure 5 provides a direct comparison between MEMRI and DTI-based tractography. The results for the two techniques were largely consistent and included areas with known anatomical connections to the olfactory bulb such as the AON, Pir, amygdala, and entorhinal cortex. The most notable differences between the two were that the DTI-tractography also showed a connection through the olfactory limb of the AC, and the connection to the entorhinal cortex, which is quite caudal from the injection site.
As expected the percentage of MEMRI overlap with DTI varied considerably depending on the statistical threshold of MEMRI and the between subjects concordance of DTI (presented in supplementary table 1).
However, use of a high statistical threshold in MEMRI (e.g. P \ 0.00001) and a lower DTI concordance threshold (6 of 10 mice matching), resulted in an overlap percentage of approximately 75 % of the voxels.
Discussion
This work has demonstrated reproducible and consistent connectivity of the mouse olfactory bulb using two techniques, DTI probabilistic tractography and MEMRI. MEMRI and DTI probabilistic tractography provide complementary information about the network organization of the mouse brain. In MEMRI, contrast is based on both structural integrity and functional synaptic transmission, with the transfer of manganese across synapses dependent upon the existence of activity of the neurons. It is an anterograde tracer, so that enhancement indicates the directionality as well as the functional integrity of the and olfactory cortex (OC) are labeled. The direction of the arrow corresponds to anterior to posterior progression through coronal slices, dorsal to ventral progression through horizontal slices, and left to right progression through the sagittal slices pathway. However, nonspecific enhancement can also occur, either from manganese that is taken up into the blood via the nasal epithelium (Chuang and Koretsky, 2009) , or via localized diffusion near synapses. In contrast, DTI probabilistic tractography is sensitive only to the diffusion of water based on the structural properties of white matter, so that tracts can be delineated regardless of their directionality or the level of activity.
One of the primary challenges of DTI tractography is following tracts through a complex pathway. It is often difficult to resolve crossing fibers, although recent advances in crossing fiber algorithms (Behrens et al. 2007 ) have somewhat ameliorated this problem. In addition, issues related to partial volume effects, selection of thresholds for the tractography results, scan quality, and distance from the seed for a given region, can also significantly influence the results (Moldrich et al. 2010) . Despite these limitations, the results from both MEMRI and DTI-based probabilistic tractography are largely consistent with expected neuroanatomical connectivity. Using classic orthograde and retrograde tracing methodology in mice, Shipley and Adamek (1984) described connectivity from the main olfactory bulb to ipsilateral AON, the anterior aspects of the hippocampus, OT, and parts of the medial part of the entorhinal cortex. Of note, contralateral connectivity was noted only to the AON, as well as a connection to the posterolateral and medial amygdala. More recently, Miyamichi et al. (2011) used a trans-synaptic tracing method and showed similar connectivity from the olfactory bulb to the AON, Pir, and cortical amygdala. These classic tracing methods support the data presented herein. Importantly, now that the two techniques are validated for the olfactory system they can be used to provide a quantifiable change in strength and patterns of connectivity with experimental manipulations in genetically modified mice (e.g. Jones et al. 2008) .
The results in this study are very similar between MEMRI and DTI probabalistic tractography (up to 75 % overlap). The most notable difference was in the caudal portions of the brains, particularly along the corpus callosum and the lateral entorhinal cortex, where DTI probabilistic tractography shows connectivity but MEMRI does not. There are a few technical reasons that may account for the observed difference. First, since the signal enhancement produced by manganese is dependent on the transport of MnCl 2 injected, more caudal areas will receive proportionally less manganese resulting in a reduced signal. It is expected that either higher initial volume, higher concentration of MnCl 2 , or allowing for a longer time period of anesthesia before the animal awakens and expels the solution should increase caudal enhancement signal. Second, sensitivity profile of the coil used to maximize signal for in vivo studies may also impact MEMRI data It should be noted that tractography was seeded unilaterally, whereas the Mn solution was injected bilaterally. e, f Both images superimposed on the same map, demonstrating the high degree of overlap between the two methods. An axial view that better depicts the seed region (red) for the DTI tractography (blue) shown in g. A distal connection to the entorhinal cortex can be seen as well as proximal connections to the anterior olfactory nucleus adjacent to the olfactory bulb seed. LEnt lateral entorhinal cortex, OB olfactory bulb seed, OC olfactory cortex, Cp caudate-putaman, OLAC olfactory limb of the anterior commissure from caudal portions of the brain; therefore, increasing the number of averages may improve MEMRI's sensitivity to distal connections. Finally, from an experimental model perspective, two different mouse species (C57BLJ vs. Swiss Webster) were used in these two studies, although this unlikely accounts for any major differences since the olfactory system is a highly conserved across mammals (Scalia and Winans, 1975) . With regard to MEMRI, it is worth noting that significantly higher resolution was obtained in this study than in most previous related work in rodents (Cross et al. 2004; Leergaard et al. 2003) . Cross et al. (2004) Higher spatial resolution is particularly important for applications which require registration since partial volume effects associated with low spatial resolution will result in registration errors and information loss along the edges. Such errors in registration and data loss make it not feasible to have all the images in a standard space for analysis/comparison within group and across different modalities.
One of the key developments that made this study feasible was the method for obtaining high-resolution DTI data from multiple brains during a single scan. Both high spatial resolution and high spectral resolution are important for DTI studies in small animals because the high spatial resolution reduces partial volume effects that reduce the signal from small white matter tracts, and the high spectral resolution facilitates the identification of twisting or crossing white matter pathways. However, to obtain the desired resolution, scan times become quite long (e.g. 60 h). Therefore, the protocol presented here is designed to take advantage of the fact that acquiring more data points in the readout direction is nearly free in terms of acquisition time, so that an entire tube of six brains could be scanned over a single weekend. Dyrby et al. (2011) describe a similar ex vivo setup, but due to the larger size of the porcine brain, only one brain was imaged in each scan which contrasts with our ability to acquire six mouse brains within one imaging session, with the potential to acquire more based on the MRI coil setup.
Conclusions
This study demonstrates high-resolution 3D statistical tract mapping for the mouse olfactory system using MEMRI and DTI probabilistic tractography. Progress in mouse molecular genetics and behavior make this a particularly important model for advanced neuroimaging approaches. Additionally, advances in understanding its molecular architecture have made the olfactory system particularly amenable to applying high-resolution neuroimaging techniques. The mouse olfactory system contains multiple pathways and more complicated fiber tract geometries than the optical or thalamocortical systems, where the majority of previous studies using MEMRI or DTI probabilistic tractography were performed. Furthermore, the two techniques provided accurate information in the smaller mouse brain volume compared with previous studies using mostly rat or porcine models. The two modalities map similar pathways, although probabilistic tractography may be more sensitive for detecting distal connections. The results confirm that MEMRI and probabilistic tractography provide a similar quality of complementary and accurate information about the function and structure of white matter pathways in the complex mouse olfactory sensory system. The results also lay the foundation for use of these two techniques in experimental questions manipulating the genetics and, therefore, connectivity of the mouse olfactory system with high-throughput neuroimaging techniques.
